In this study, we have investigated the lipids surrounding AqpZ, and the effects of a destabilizing mutation W 14 A (Schmidt and Sturgis 2017) on lipid protein interactions. In a first approach, we used Styrene Maleic Acid copolymer to prepare AqpZ containing nanodiscs, and these were analyzed for their lipid content, investigating both the lipid head-group and acyl-chain compositions. These results were complemented by native mass spectrometry of purified AqpZ in the presence of lipids, to give insights of variations in lipid binding at the surface of AqpZ. In an effort to gain molecular insights, to aid interpretation of these results, we performed a series of coarse grained molecular dynamics simulations of AqpZ, in mixed lipid membranes, and correlated our observations with the experimental measurements. These various results are then integrated to give a clearer picture of the lipid environment of AqpZ, both in the native membrane, and in lipid nanodiscs. We conclude that AqpZ contains a lipid binding-site, at the interface between the monomers of the tetramer, that is specific for cardiolipin. Almost all the cardiolipin, in AqpZ containing nanodiscs, is probably associated with this site. The SMA 3:1 nanodiscs we obtained contain a rather high proportion of lipid, and in the case of nanodiscs containing AqpZ cardiolipin is depleted. This is possibly because, in the membrane, there is little cardiolipin not associated with binding sites on the surface of the different membrane proteins. Surprisingly, we see no evidence for lipid sorting based on acyl chain length, even in the presence of a large hydrophobic mismatch, suggesting that conformational restrictions are energetically less costly than lipid sorting.
Introduction
Transfer of information, and material, between the environment and the interior of living cells, is mediated by membrane proteins embedded in the lipid bilayer. Because of this important role, they are the targets of more than 50% of drugs currently on the market [1] . However, studying transmembrane proteins remains a major challenge, because of the lipid membrane that both forms their native environment, and strongly influences their structure and function. For instance, it is known that interactions between negatively charged phospholipids and positively charged amino acid residues contribute to the orientation of membrane proteins [2, 3, 4] . Moreover, there is an abundance of structural data, particularly from X-ray crystallography, of lipids bound to membrane proteins pointing a role of specific lipids for protein function [5, 6, 7] . Thus, a major challenge in membrane protein biology is to understand how the structural determinants of membrane proteins and membrane lipids influence the folding, structure and function of transmembrane proteins, in their native environment.
tinguish detergent molecules from lipids, and to define the positions of dynamic hydrocarbon side-chains and buried head groups [18] . Using intact mass spectrometry (MS), it is nowadays possible to follow specific membrane proteinlipid interactions, allowing both the quantification, and fine characterization, of bound lipids [19] . Intact MS has been successfully used to identify endogenous co-purified lipids with membrane protein complexes [20, 21, 22] , as well as to follow the kinetics and thermodynamics of exogenously added lipids [23, 24] . However, it is difficult to get a precise structural vision of these binding sites. Fortunately, molecular dynamic simulations, and in particular coarse grain (CG) simulations, have demonstrated their ability to reproduce many phenomenon, at time scales up to 100 µsec necessary for the description of complex systems. Despite the reduction of resolution and the simplification of the energy potential, CG models have already been used successfully to study several different types of lipid-protein interactions, giving an increasingly profound, and frequently experimentally confirmed, vision of the molecular organization of lipid membranes [25, 26, 27, 28] .
The major intrinsic proteins form an important family of membrane proteins. With members in all kingdoms of life, they form channels allowing passive transport across biological membranes. AquaporinZ (AqpZ), the E. coli water channel, is responsible for the gated passive water entry into cells [29] , allowing homeostasic regulation of cell volume and osmotic pressure. In common with other members of the family, its structure contains six transmembrane alpha helices that form the pore and two supplementary half-helices with the characteristic NPA motif entering into the channel forming an hourglass-like structure [30] . In their native membrane environment, they form homo-tetramers, resistant to SDS and trypsin denaturation [31] . In a previous study, we have examined the stability of these tetramers [32] , and shown that the tetrameric structure can be considerably destabilized by creating stearic clashes in the hydrophobic interface. The function of E. coli AqpZ has been shown to be dependent of lipid composition [33] . AqpZ reconstituted in liposomes, made of lipids from a CL deficient E. coli strain, exhibits a striking reduction in water transport, compared to the same protein reconstituted in lipids from the wild-type strain. In agreement, native MS demonstrated that while neither phosphatidylethanolamine (PE) nor phosphatidylglycerol (PG) significantly stabilized AqpZ structure, CL strongly bound AqpZ and resulted in a substantial increase in protein stability, in the gas phase [33] . Moreover, measurements on the protein, reconstituted into Membrane Protein Scaffold (MSP) nanodiscs, showed a very strong association between AqpZ and the bilayer, resulting in tetramer dissociation being favored over lipid removal [34] .
In this study, we have investigated lipids surrounding AqpZ, both tightly bound and annular, and the effects of a destabilizing mutation W 14 A [32] on these lipids. As a first approach, we used SMA to prepare AqpZ containing nanodiscs, and these were analyzed for their lipid content, investigating both the lipid head-group and acyl-chain compositions. Intact MS was then used to compare lipid binding affinities between mutant AqpZ proteins. In an effort to gain molecular insights into these results, we performed a series of CG molecular dynamics simulations, of AqpZ in mixed lipid membranes, and correlated our observations with the experimental measurements. These various results are then integrated to give a clearer picture of the lipid environment of AqpZ in the native membrane, and in lipid nanodiscs.
Materials and Methods

Materials
All lipids were from Avanti polar lipids (Coger SAS, Paris, France) , including MS internal standards, E.coli lipids POPE (1-palmitoyl-2-oleyl-sn-glycero-3-phosphoethanolamine), POPG (1-palmitoyl-2-oleyl-sn-glycero-3-phospho-(1-rac-glycerol) and CL (cardiolipin).
Deuterated fatty acids were from CDN isotopes (Cluzeau Info Lab, Sainte Foy la Grande, France) and Cayman (Bertin Pharma, Montigny le Bretonneux, France).
LC-MS/MS quality solvents were purchased from Fischer Scientific (Illkirch, France). All other chemicals of the highest grade available were purchased from Sigma Aldrich (Saint-Quentin Fallavier, France).
Hydrolyzed styrene-maleic acid copolymer (SMA) with a 3:1 styrene to maleic acid ratio in NaOH solution at 25% w/v was provided by Polyscope (Xiran SL25010 S25).
Protein expression and purification
BL21(DE3)pLys strain was transformed with the pET6His-TeV plasmid into which was cloned the AqpZ-C 20 S mutant gene [31] . For some control experiments the W3110 and W3110 ∆cardiolipin strain [35] were used. The W 14 A mutant was derived from this as described previously [32] . Bacterial cultures were grown in Luria-Bertani broth, containing 25 µg/ml ampicillin, and incubated for 13 to 16 hours at 37
• C, diluted 100-fold into fresh broth and grown to an A 600 of 1.5. 1 mM Isopropyl-β-D-1-thiogalactopyranoside (IPTG) was then added and the culture was incubated for a further 3 hours at 30
• C, before harvesting by centrifugation, 20 minutes at 9000×g. Harvested cells were resuspended in 1/200 of the original culture volume of ice cold lysis buffer (20 mM Tris-HCl, 1 mM phenylmethylsulfonylfluoride (PMSF), 0.1 mg/ml deoxyribonuclease 1 pH 8.0). Cells were broken with 3 passages through an Emulsiflex-C5 (Avestin) cell disrupter. Unbroken cells, the cell wall, most of the outer membrane and other debris, were separated from the cell lysate by a 30 min centrifugation at 10,000×g. The supernatant, containing membrane fragments, was centrifuged 60 minutes at 140,000×g and the pellet resuspended in 20 mM Tris-HCl, 200 mM NaCl pH 8.0.
Membranes were solublized by adding 3g of SMA, previously dialysed against Tris-HCl 20 mM pH 8.0, per gram of membrane and incubated for one hour at room temperature with agitation. Insoluble material was pelleted by a 60 minutes centrifugation at 14,000×g, and the soluble fraction was kept at 4
• C until purification. Protein purification was performed by affinity chromatography, on an His-Trap HP column, connected to the Akta system (both from GE Healthcare). The column was equilibrated, with 10 column volumes (CV) of wash buffer (20 mM TrisHCl, 200 mM NaCl, 50 mM Imidazole pH 8.0), the solubilized membrane fraction was charged and the column, and washed with 5 CV of wash buffer, to remove nonspecifically bound material. Elution was performed with a 10 CV gradient, running from 0% to 100% elution buffer (20 mM Tris-HCl, 200 mM NaCl, 500 mM Imidazole pH 8.0). Fractions, containing AqpZ in nanodiscs, were pooled and further purified, by size exclusion chromatography.
The Superose 6 10/300 GL (GE Healthcare) column, connected to the Akta system, was equilibrated with 2 CV of Tris-HCL 20 mM, NaCl 200 mM buffer, and the sample separated at an elution rate of 0.25 mL/min. Fractions containing AqpZ in nanodiscs were collected. Particles sizes were measured by dynamic light scattering (DLS) on a Zetasizer Nano-series Nano-S instrument (Malvern). Samples were equilibrated for 300 s at 25
• C. Default software settings were used for optimizing measurement settings and duration. Multiple narrow modes analysis of the correlation data was used to obtain volume-based particle size distributions using the manufacturers software.
SDS-PAGE was performed using standard laboratory procedures.Briefly, samples were prepared by denaturing 3 parts protein solution with 1 part 4x sample buffer (TrisHCl pH 6.8 400mM, glycerol 40%, SDS 4%, β-mercaptoethanol 2.5%, Bromophenol Blue 0.04%) without heating. Solubilized samples were loaded onto 12.5% SDSpolyacrylamide gels with a 5% stacking buffer and separated using a Mini-PROTEAN electrophoresis system (Bio-Rad). Gels were stained with Coommassie Blue (40% ethanol, 20% acetic acid, 0.25% Coommassie blue) at room temperature, and then destained (40% ethanol, 20% acetic acid).
For electron microscopy, carbon-coated copper grids (Electron Microscopy Sciences) were glow-discharged for 30 sec. A droplet of sample, 5 µL, was placed on the grid and removed after 60 sec by blotting with filter paper (Whatman). The grid was then washed with water, and excess water was removed by blotting with filter paper prior to staining with 5 µL of 2% uranyl acetate for 60 sec. Excess of stain was removed by blotting with filter paper and the grid was dried at room temperature. Images were recorded on a FEI Tecnai 200 kV electron microscope operating at a voltage of 200 kV and a defocus of 2.5 µm, using a Eagle-CCD camera (FEI).
Lipid Extraction and Thin Layer Chromatography
Lipids were extracted and analysed as follows from membranes, SMA solubilised membranes, or purified proteins, prepared as described above, following the procedure of Bligh and Dyer [36] . Briefly, 200 µl of lipid-containing samples were added to 1.5 mL chloroform:methanol, 20 µl HCl 1 M and mixed over 1 hour. Phase separation was achieved by a 3 min centrifugation at 9,000×g and the lipid-containing organic phase was collected. Debris were washed by adding 500 µl chloroform, again centrifuged and the organic phases pooled. Four drops of benzene were added to the organic fraction and well mixed. Lipids were dried under nitrogen before resuspending in 200µl methanol:chloroform 2:1 (vol/vol). Lipid extracts were stored under nitrogen at -20
• C. For TLC analysis, silica gel on TLC plates (thickness 250 µm Sigma (Fluka)) were washed with chloroform:-methanol:acetic acid 25:65:5 (vol/vol/vol) and dried for 1 hour. Lipid samples were deposited with a syringe on the plate and this was developed with the same solvent. Phospholipids were visualized by spraying the plates with Molybdenum blue 1.3% reagent (Sigma) to reveal phosphate containing molecules [37] . Phosphate were quantified from images of the TLC plates using ImageJ [38, 39] software to integrate the peaks, see figure 2B for the standard curve.
To facilitate comparison lipid concentrations are reported in wt%. The desitometric measurement allowed a direct determination on the basis of phosphate content, this was converted to wt% based on the average molecular mass calculated using the fatty acid composition determined in the membranes, see below, and the phosphorous content. The average molecular masses per phosphorous were respectively: 646.17, 622.95, and 565.01; for PE, PG and CL.
Lipid chain length characterization
For targeted analysis each lipid extract (20 µl) was spiked with 20 µL of an internal standard mix containing (17:0/ 17:0)-PE (2 µg), (17:0/ 17:0)-PG (2µg), (14:0/ 14:0/ 14:0/ 14:0)-CL (0.1 µg). Total fatty acid analysis was conducted using 25 µL of lipid extract spiked with myristic acid-d3 (260 ng), palmitic acid-d3 (1128 ng), stearic acid-d3 (840 ng), linoleic acid d4 (650 ng), arachidic acid-d3 (1.04 ng), arachidonic acid-d8 (432 ng), behenic acid-d3 (1.08 ng), DHA-d5 (108 ng), Lignoceric-d4 (0.52 ng) and cerotic acid-d4 (0.4 ng).
PE's and CL's were analysed as was previously described [40] . Total fatty acids were analyzed as described by Baarine et al [41] . Targeted analysis of PG's was conducted by LC-MS/MS as follows. Lipids were separated by high performance liquid chromatography (HPLC), on an Agilent 1200 equipped with an auto sampler, a binary pump and a column oven. During analysis, the reverse phase chromatography column (ZorBAX EclipsePlus C18 -2.1 mm x 100 mm, 1.8 µm, Agilent Technologies) was maintained at 45
• C. The mobile phases consisted of acetonitrile/water (90/10 v/v) containing 0.2% ammonium hydroxide and 0.5% acetic acid (A) and of propan-2-ol/methanol (90/10) containing 0.2% ammonium hydroxide and 0.5% acetic acid (B). PG's were separated by a linear gradient as follows: 30% B up to 50% B in 12 min then up to 100% B in 1 min and maintained at 100% B for 1 min. The column was equilibrated with 30% B for 4 min before each injection. The flow rate was maintained at 0.25 mL/min. The auto sampler temperature was set at 6
• C. Two microliters of sample were injected. The LC system was coupled to an Agilent 6460 QqQ triple quadrupole mass spectrometer equipped of a Jet Stream electrospray ionization source (ESI) set up as follows: source temperature 300
• C, nebulizer nitrogen gas flow rate 10 L/min at 20 psi, nitrogen sheath gas flow 11 L/min, temperature 290
• C, capillary voltage 3500 V, nozzle voltage 750 V. Relative quantitation of PG's was performed by calculating the response ratio of the considered phospholipid to 17:0/17:0-PG internal standard.
Lipid titration by native mass spectrometry
Prior to MS analysis, W 14 A and C 20 S AqpZ mutants were buffer exchanged into 200 mM ammonium acetate buffer pH 8.0 (Sigma), supplemented with either 0.02% DDM or 0.5% C 8 E 5 detergent, using Bio-Spin microcentrifuge columns (Bio-Rad Laboratories). Proteins were quantified by the Bradford method [42] , after buffer exchange (concentrations ranged between 5 and 15 µM). All lipids were dissolved in CHCl 3 in a glass vial, lipid films were generated by solvent evaporation under a stream of N 2 and dried in a vacuum chamber over-night. Dry lipid films were dissolved in 200 mM ammonium acetate, 0.5 % C 8 E 5 , to a final concentration in the range of 2-5 mg/mL, and sonicated in a water bath for 1 hour. The resulting lipid stock solution concentration was determined by phosphorus assay [43] .
A serial dilution for each lipid was made to reach different ligand concentration, then 0.5 µL of lipid solution was mixed with 4.5 µL of the protein solution in C 8 E 5 detergent, incubated for 15 min at room temperature, then loaded into a borosilicate emitter (Thermo Scientific). Intact MS spectra were recorded on a Synapt G1 HDMS instrument (Waters Corporation) modified for high mass analysis and operated in ToF mode. Samples were introduced into the ion source using borosilicate emitters (Thermo Scientific). Optimized instrument parameters were as follows: source pressure 5.3 mbar, capillary voltage 1.5 kV, sampling cone voltage 180 V, extractor cone voltage 4 V, transfer collision voltage 40 V, argon flow rate 5 mL/min and trap bias 30 V. Collision voltage in the trap was optimized depending on the detergent to the minimum activation required to strip the detergent micelle. Spectra were deconvoluted using the software UniDec [44] . Computation of individual binding site K D values was performed using the Data Collector Module in UniDec. Extracted intensities for the apo-protein and each separate bound state were fit to a sequential binding model using free K D values for each site.
E. coli Inner Membrane Model
A CG model of the E. coli inner membrane was constructed, using the previously published lipidomic analysis [45] . While the composition of the inner membrane of E. coli has many different types of lipids, the CG approximation, using the MARTINI force field [46, 47] , results in only 9 different types of lipids, shown in supplementary table S2. The CL model was taken from [48] , with the addition of a second species containing 2 unsaturations instead of 4.
The model membrane was built and solvated with a 0.15 mol/L NaCl in water using INSANE [49] ; briefly, the program generates a lipid bilayer by distributing the lipids over a grid, with lipid structures derived from simple template definitions. Three systems were built: the first with only lipids, the second with a tetrameric AqpZ molecule in a lipid bilayer, and the third with an AqpZ W 14 A tetramer. Each system has an average size of 20x20x10 nm. It was found necessary to stabilize the CG tetrameric protein structure as this had a tendency to collapse in the simulations, this was achieved by filling the central void in the tetramer structure with two phospholipid molecules. It should be noted that the acyl chain length of the PE and PG phospholipids are represented by 4 beads while those of CL are 5 beads. This is the result of combining the original [46] and an updated [50] MARTINI lipid topologies, the CL topology being available only in the former.
Molecular Dynamics Simulation
All simulations were performed using the GROMACS simulation software (version 5.1) [51, 52] . The models were enclosed in an orthorhombic box with periodic boundary conditions. The systems were first equilibrated with a 1 ns simulation in the NVT ensemble followed by a 1 ns simulation in the NPT ensemble. The equilibrated systems were then used as starting configurations for 15 µs molecular dynamic simulations, of which only the final 12 µs were analyzed. The parameters used in the simulations correspond to those previously reported [53] . Briefly, the simulations use a 20 fs time-step, the neighbor list is updated using the Verlet neighbor search algorithm every 20 steps with the neighbor list length being automatically determined. Leonard-Jones and Coulomb potentials and forces are cut off at 1.1 nm, with the potentials shifted to zero at the cut off. Velocity rescale [54] and Parinello-Rahman coupling schemes [55] are used with coupling parameters of 1.0 and 12.0 ps -1 . The leapfrog integrator is used with temperature and pressure both kept constant at 325 K and 1 bar respectively.
Simulation analyses
The lipid densities were computed using VMD's Volmap plugin [56] . All the scripts used in this work are freely available on request. The lipid enrichment analysis consists of comparing the lipid composition at various distances around the protein. To calculate lipid dissociation constants the average residency times in lipid binding sites were calculated.
Results
Characterization of AqpZ Nanodiscs
His-tagged AqpZ nanodiscs were purified from E. coli cytoplasmic membranes. In the first step SMA solubilized membranes were separated by chromatography on a Ni-NTA column, figure 1A. After this one step affinity purification the protein nanodiscs are reasonably pure, figure 1A inset. In the SDS PAGE AqpZ-C 20 S is mainly tetrameric, appearing at 80 kDa, with a small amount of the monomeric form visible at 28 kDa, irrespective of the purification conditions. The C 20 S mutant of AqpZ is slightly destabilized and was originally described by Borgnia [31] . The tetrameric assembly of this protein is resistant to SDS denaturation. However, in SMA, some higher oligomers can be seen, this may be due to the very high protein concentration resulting in crowding or SDS limitation. In contrast, and as previously reported [32] , the W 14 A mutant shows mainly monomers on SDS-PAGE. The same AqpZ in dodecyl maltoside (DDM) detergent solution elutes at 300 mM imidazole, however in SMA nanodiscs 150 mM imidazole is sufficient to elute the protein. This shift of elution to lower imidazole concentrations has been reported previously [57] , and rationalized in terms of the impaired binding of the His-tag due to electrostatic interactions with the strongly anionic SMA.
Size exclusion chromatography (SEC) after affinity purification, figure 1B, shows a major peak around 15 ml. There is very little sign of aggregation though some material elutes from the column slightly before of the main AqpZ peak. In view of the protein purity after affinity chromatography, figure 1 A insert, this heterogeneity would appear to be associated with the polymer, and possibly the associated lipids. The main peak corresponds to a hydrodynamic volume of 293 ± 11 nm 3 and 298 ± 5 nm while C 20 S complexes were about twice as large [32] . For characterization only the main peak after SEC was used. Purified AqpZ containing nanodiscs were analyzed by dynamic light scattering (DLS), figure 1C , and electron microscopy, figure 1D . Both methods showed a sample that was very homogeneous, with an average diameter of 12.50 nm ± 0.70. There was little or no sign of sample aggregation or evolution after preparation. In transmission electron micrographs a typical central black spot in the middle of AqpZ tetramers was seen, colored with negative stain, while particles appear in white. Assuming a discoidal shape for the SMA-nanodiscs, we can estimate a volume of 245 nm 3 based on the observed diameter. Hydrodynamic volume of both proteins, AqpZ-C 20 S and W 14 A, obtained by SEC is very close to this theoretical value. These results strongly suggest that in SMALP's the W 14 A mutant is tetrameric.
We also performed compositional analysis of purified SMA-nanodiscs containing AqpZ, using Bradford and UV absorption protein assays, molybedenum blue phosphate assay and LC/MS lipid quantification, and UV absorption SMA quantification [58] , (supplementary table S1 and S2). These analyses gave a composition by weight of 35.0 ± 1.0 % protein; 48.3 ± 1.5 % lipid; 16.3 ± 2.5 % SMA. This means that there are a considerable number of lipid molecules associated with each protein in a SMALP, about 140, representing multiple solvation layers.
Nanodisc lipid composition
To investigate the nature of the lipids around AqpZ within SMA nanodiscs we extracted the lipids from purified SMALP's. The isolated lipids were then analyzed both in terms of head group composition, figure 2, and the fatty acid content, figure 3 .
TLC analysis of membrane phospholipid composition based on polar headgroups showed a distribution of 53.2 ± 4.6% PE, 26.7 ± 2.8% PG and 20.1 ± 1.9% CL (wt/wt). This membrane composition is in agreement with the published lipid composition for E. coli [59] . The lipid composition after solubilization by SMA was not modified, figure 2.
However, AqpZ containing nanodiscs consistently showed a significant depletion of CL (to 6.2 ± 2.1 % wt/wt) at the expence of PE. This observation was independent of the mutant protein examined, since little variation in lipid head-group composition was observed between nanodiscs containing the C 20 S protein and those containing the W 14 A protein. Our observation contrasts with previous studies on SMA nanodiscs containing KcsA [13] and Sec [14] in which a CL enrichment was observed. This indicates that the observed lipid composition of SMA nanodiscs depends on the protein they contain.
The reduction in CL content appears at first sight to be at odds with the observation that CL is necessary for AqpZ function and binds strongly to the protein [33] . However it must be remembered that the nanodiscs contain mutiple lipids (supplementary table S1) in several layers, these include specific bound lipids and the dynamic lipid annulus. The bound lipids thus represent a minor component of the SMALP. Using the composition the AqpZ containing SMALP's we have measured, the average nanodisc is expected to contain about 4.75 CL molecules. This is clearly sufficient for each monomer to bind a CL molecule in a specific high-affinity binding site but leaves the dynamic annulus strongly depleted in CL. Thus, though there is sufficient CL in the SMALP's to bind to AqpZ high affinity sites ,there is hardly any excess.
LC/MS was used to analyze lipid acyl chains. As E. coli is known to form cyclo-propyl lipids [60, 61] it is not possible to distinguish using simple LC/MS if a mass difference of 2.0 is due to the formation of a double bond or a cyclo-propyl ring. Therefore, acyl chains analysis was attributed to a total acyl carbon chain length and number of double bond equivalents. The overall composition is entirely consistent with what is known of E. coli phospholipids in terms of acyl chain length and unsaturations [62] . The majority of simple phospholipids (PG and PE) had acyl chains with 34 to 36 carbons in total and 1 or 2 double bond equivalents. The most common 34:1 found particularly for PG corresponding to the canonical 16:0/18:1 acyl chain composition. The acyl chain distribution of the PE was more varied than for PG, notably with the presence of significant amounts of shorter more saturated acyl chains. The distribution of CL has clearly centered about a slightly shorter average chain length than the simple phospholipids with an average chain length of 16.25 carbons as opposed to 17.25 for PG and PE. Comparison of the distributions for total inner membrane, C 20 S and W 14 A protein containing nanoparticles shows that there is no or very little lipid selection on the basis of acyl chains. Indeed the reproducibility of the measurements is remarkable. More specifically, there is no sign of selection for short lipids round the protein despite the predicted hydrophobic mismatch [25] . The predicted mismatch is indeed quite significant as the hydrophobic thickness of the protein is about 29.7Å, while that of the membrane is 34.9Å. Taken together, lipid analysis reveals a preference for AqpZ in SMALP's to accumulate PE as opposed to CL, in contrast to previous studies where CL accumulation has been observed. Moreover, no or little selection of lipids with specific chain length or unsaturation was visible for AqpZ-containing SMALP's.
Phospholipid binding and affinity of AqpZ
Binding affinities of the three major E. coli phospholipid types PE, PG and CL for the AqpZ C 20 S and W 14 A mutants were determined using intact MS. In this experiment different synthetic, exogenously-added, phospholipids compete with the detergent n-octyl-penta oxyethylene (C 8 -E 5 ) for binding sites on the surface of purified AqpZ tetramers. Then the number of lipid molecules that remain bound to the protein in the mass spectrometer, under activation conditions that strip the detergent molecules, can be measured and fit to titration curves.
First, intact MS of both AqpZ mutants in DDM detergent showed the presence of tetramers, supplementary figure S1. Under minimum activation energies required to strip the detergent molecules, we could still detect stripped trimers and monomers since DDM is known to be a "sticky" detergent requiring a relatively high energy in order to detach it from proteins in the gas phase. However, the W 14 A tetramers were less stable than those of C 20 S mutant since their relative intensity compared to the monomers was lower under similar solution and MS conditions. This is in agreement with previous observations indicating the destabilization of tetramers by this mutation [32] .
To compare the relative affinities of both mutants for the three lipid groups tested, we performed a lipid titration under the same solution conditions of 200 mM ammonium acetate buffer pH 8 supplemented with 0.5% C 8 E 5 . Titration showed a concentration-dependent binding of up to 5 lipids per AqpZ tetramer (figure 4). Binding affinities were then fitted using the sequential binding model with all free K D s using the software UniDec [44] , supplementary figure  S2 .
As shown in table 1, dissociation constants reveal the same phopholipid preferences for C 20 S and W 14 A mutants, with CL binding the strongest, followed by the negatively charged PG and finally zwitterionic PE showing the lowest affinity. As the proteins are tetramers it is reasonable to expect that each protein has four equivalent binding sites, one for each monomer all with the same affinity. In such cases, it is expected that the apparent dissociation constants follow the series 0.25 (1/4), 0.67 (2/3), 1.5 (3/2), 4.0 (4/1). The observed dissociation constants in all cases follow reasonably well this expectation, and in the lower part of the table we show the estimated dissociation constants assuming 4 equivalent sites. The quality of the fit to this model is apparent in the low levels of uncertainty in the 4 equivalent site dissociation constants, all less than 10%. We therefore conclude that the observed phospholipid binding is to four specific sites on the tetrameric protein surface.
The binding can to some extent be separated in to a head group specific part and an acyl-chain part. Comparison of the values for PG and PE show that the ratio of the dissociation constants is similar (about 1.5 : 1.0) for both proteins. This would suggest that the change in the protein-protein interface does not modify the head group binding site specificity, in both proteins PG is preferred.
The stronger CL binding can be correlated with the larger number of acyl chains and so a more extended binding site, presumably displacing more detergent molecules and resulting in more contacts between the CL and protein. Because of the size difference it is hard to draw quantitative conclusions from this.
It is readily apparent that for all the phospholipids studied the affinity for the W 14 A mutant is considerably reduced. Indeed, the loss of affinity caused by the mutant, of about 2 fold for PE and PG, suggests that the perturbation affects the acyl-chain binding that is com-mon for both lipids. The more pronounced effect for CL is consistent with this view. The location of the mutation in the structure at the protein-protein interface suggests lipid binding site is also close to this interface.
At first sight the change in affinity might seem strange as the W 14 A tetramer is less stable [32] and thus tends to favor lipid-protein interactions over protein-protein interactions. However, this is not the type of lipid interaction that we are observing. The experimental conditions mean that we are measuring the ability of lipids to compete with a large, about 1000 fold, excess of the C 8 E 5 detergent. The differences between the mutants would appear to indicate that in each case, but particularly in the case of CL, the perturbation to the structure at the protein-protein interface caused by the W 14 A mutation disorganizes the lipid binding site and results in a preference for the short flexible chains of the C 8 E 5 detergent.
Overall, these observations indicate the preference of AqpZ for anionic lipids, and in particular a strong binding of CL. They also show that there are few high affinity binding sites, one per monomer is adequate to describe the data. The sensitivity of the affinity to mutations in the protein-protein interface suggests that this is the location of specific lipid binding.
Molecular dynamics simulations
To gain molecular insight into the organization of lipids around AqpZ proteins, a series of molecular dynamics simulations were performed. A CG model of the E. coli internal membrane containing different AqpZ variants was constructed. Protein variants were placed, as described in the methods section in a simulated membrane environment containing 75.1% PE, 16.6% PG and 8.3% CL, homogeneously distributed between the two membrane leaflets. The molecular dynamics of these systems was then simulated for 17 µs, using the Martini force field [46] . Lipid binding sites were then studied by examining sites of excess lipid density and those preferred by specific headgroups, figure 5. The surface of the protein, particularly the cytoplasmic surface, where there are several positive charges, shows a strong affinity for PG and CL. This preferential binding reproduced above in our MS results, and those of Laganowsky et al. [33] . This is consistent with known affinity between membrane proteins and negatively charged lipids [13, 14] , and the expectations from the positive inside rule.
However there are some differences worthy of note. In contrast to CL, PG localization sites seem to be more evenly distributed around AqpZ tetramer, without a clear specific location. In contrast to PG, CL is closely associated with the monomer-monomer interface. Indeed occasionally the CL molecules manage to penetrate into the interface. The major difference observed in the case of the W 14 A mutant is a deeper penetration of the CL molecules into this interface. Indeed, in the case of the W 14 A mutant, this deep penetration of lipids into the interface, resulted in a much reduced dissociation constant for bound phospholipids, which has as a consequence the observed assymmetry in figure 5 , due to slower equilibration.
Thus the molecular dynamics simulations indicate that close to the surface of AqpZ there is an accumulation of negatively charged lipids, particularly on the cytoplasmic membrane leaflet. There appears to be relatively specific binding site for CL molecules at the interface between monomers, partially excluding other lipid species. This location for a specific binding site is entirely consistent with our MS observations presented above. The selection of CL appears to be stronger and more extensive in the W 14 A mutant.
Molecular dynamics simulations in the absence of CL show that the interfacial binding site does not bind either PG and PE particularly strongly in a membrane context. This appears to be at odds with our MS results, where we observe mutation sensitive binding sites for these lipids. We believe that this can be attributed to the differences in competition between lipids, where head-group chemistry is dominant, and lipid -detergent competition where hydrocarbon chain interactions play a larger role.
Discussion
Is it possible to integrate these results to gain a clearer picture of how AqpZ interacts with its lipid environment both in the native membrane and in lipid nanodiscs? To integrate our different results it is important to understand the differences between the systems studied. SMALP's are composed of an anionic polymer surrounding a mixture of lipid and protein, our analysis shows that these particles contain about 36% protein, 50% lipid and 14% polymer, by weight (supplementary table S1). The SMALP thus contains both protein bound lipids, and the lipid annulus, the latter possibly perturbed by the polymer. In contrast, in native MS we observe individual bound lipids that resist dissociation by competition with solvating detergent molecules, a situation different from the native one where the competition is with solvating lipid molecules in the annulus. Finally, our molecular dynamics simulations try to mimic the native membrane, and thus include neither perturbations to the lipid annulus by polymer nor indications if bound lipids are detergent resistant.
Intact MS, as mentioned above, measures the preferences for lipids over the detergent that they displace. In the experiments we have reported here we show, in agreement with previous work [33] , a high-affinity site for CL on AqpZ. The reduction of affinity in the W 14 A mutant and the molecular dynamics simulations both suggest that this binding site is at the monomer-monomer interface of the AqpZ tetramer. Functional measurements [33] suggest that CL binding to this site is important for the permeability of the AqpZ tetramer, and reinforce the idea that the tetrameric structure is important for activity perhaps due to dynamic considerations [32] .
Our analysis of AqpZ containing SMALP's gives a lipid-:protein (wt/wt) ratio of about 1.5, however, in the bacterial cell cytoplasmic membrane the lipid:protein (wt/wt) ratio is typically considerably lower, 0.33 [63] . Thus, these nanodiscs are significantly lipid enriched. This lipid enrichment associated with SMA solubilization is entirely consistent with the recent observations of improved solubilization with lipid supplementation [64] . Surprisingly we found no evidence for lipid sorting based on chain lengths in the lipidomics analysis, despite the expected hydrophobic mismatch between AqpZ and the phospholipid membrane [25] . We believe that this is because the entropic cost of such sorting is too high in the context of a small protein in a membrane with mostly fluid unsaturated chains but could also be the result of membrane structural perturbations by the polymer.
We calculate that a typical nanodisc containing AqpZ will contain about 140 lipid molecules, thus specifically bound lipids are likely to be a minor component of the SMALP. Our calculated composition suggests that there are on average 4-5 CL molecules par nanodisc, this is sufficient to satisfy the specific binding of 1 CL per AqpZ monomer. However this leaves the lipid annulus in AqpZ containing SMALP's strongly depleted in CL at the expense of PE. This is in contrast to the previously observed enrichment of CL in SMALP's prepared with KcsA [13] or the SecYEG translocon [14] , while no modification in lipid composition was observed for SecDE or YidC [14] containing SMALP's. We note that these experiments were performed using a slightly less hydrophobic polymer, with a 2:1 rather than 3:1 Styrene:Maleic acid ratio. These observations can be explained in the context of dynamic exchange between SMALP's. Indeed, since their first use for solubilizing membrane proteins it has been argued that SMA provide a snapshot of the biological membrane around a protein. However, recent studies have modified this vision by showing the existence of rapid lipid exchange between SMALP's [65] , and SMA exchange between SMALP's [58] . The presence of this dynamic exchange would suggest that the composition of SMALP's reflects not the immediate membrane surrounding proteins in vivo, but rather a re-equilibrated system after exchange of lipids between nanodiscs.
After membrane solubilization, before purification of AqpZ containing SMALP's, the composition of the lipids solubilized reflects that of the membrane as we show in figure 2 . Furthermore, there is ample evidence that SMA needs lipids to solubilize membrane proteins [64] . Our vision of a SMALP is thus a central protein, with some bound lipid, a lipid barrier between the protein and the polymer, and then an external polymer belt in contact with some lipids. The overall composition of the SMALP will therefor depend on the composition and quantity of these different types of lipid. The molecular dynamics simulations suggest that anionic lipids are favored close to the protein, in particular with bound CL, supplementary table S3. It seems likely that cationic or zwitterionic lipids are favored in contact with the polymer. Therefor the belt of lipids, which are free to exchange between nanodiscs containing different proteins, is depleted of anionic lipids, and in particular CL. This depletion could be driven, at least in part, by electrostatic effects accompanying mixing of the polymer with the annular lipids. This mixing effect is expected to be slightly larger with the 3:1 copolymer that we have used than the 2:1 copolymer used previously, since the 3:1 polymer mixes better with lipids than the 2:1 polymer [66] . Thus KcsA and the SecYEG translocon would be expected to bind much more CL than AqpZ, while SecDE and YidC would be expected to bind slightly more CL than AqpZ. In this respect, it is interesting to note that the cytoplasmic loops of AqpZ contain 8 positive residues for 6 transmembrane helices, a ratio of 1.3. The corresponding ratios for KcsA, SecYEG, SecDF and YidC are much higher, 7.5, 2.7, 2.4 and 3.2 respectively, suggesting CL enrichment in SMALP's is related to positive charge density at the membrane interface. Overall, our different observations, and those of others [13, 14] , can be reconciled in the context of a re-equilibrated system [65, 58] by suggesting that most of the CL in the SMALP's is bound to proteins. Possibly driven to associate with the most basic proteins due to mixing of the annular lipids and the anionic SMA.
In conclusion, our analysis of lipids binding to AqpZ tetramers show a specific binding site at the interface between tetramers on the cytoplasmic surface of the membrane that has a preference for CL molecules. We suggest that binding of CL to this site is important for activity. The differences that we observe between CL accumulation around the protein in molecular dynamics simulations, and the depletion we observe in lipidomic analysis of SMALP's we attribute to low levels of free CL in the membrane with a significant proportion of the CL molecules being bound to specific high-affinity sites on membrane proteins. Surprisingly we fail to observe accumulation of short chain fatty acids close to the protein despite the predicted hydrophobic mismatch, suggesting that limiting the configurational space of the fluid lipids is less energetic than sorting the lipids in the membrane. 
